Most plant bacterial pathogens rely on type III effectors to cause diseases. Although it is well known that the plant hormone salicylic acid (SA) plays an essential role in defense, whether the master regulator of SA signaling, NPR1, is targeted by any plant pathogen effectors is unknown. SA facilitates the reduction of cytosolic NPR1 oligomers into monomers, which enter the nucleus and function as transcriptional coactivators of plant defense genes. We show that SA promotes the interaction between the Pseudomonas syringae type III effector AvrPtoB and NPR1. In the presence of SA, AvrPtoB mediates the degradation of NPR1 via the host 26S proteasome in a manner dependent on AvrPtoB's E3 ligase activity. Intriguingly, we found that NPR1 plays an important role in MAMP-triggered immunity (MTI), inducing the expression of MTI marker genes. Thus, this work uncovers a strategy in which AvrPtoB targets NPR1 and represses NPR1-dependent SA signaling, thereby subverting plant innate immunity.
In Brief NPR1, as the key transcriptional regulator of salicylic acid signaling, plays a pivotal role in plant local and systemic immunity. Chen et al. find that Pseudomonas syringae type III effector AvrPtoB directly targets the activated form of NPR1 for ubiquitination-mediated degradation to inhibit target gene expression, thereby dampening plant immunity.
INTRODUCTION
Many plant and animal bacterial pathogens use the type III secretion system to deliver type III effectors into their host cells in order to establish infection (Galan and Collmer, 1999) . Different pathovars of the gram-negative plant bacterial pathogen Pseudomonas syringae inject into plant cells type III effectors belonging to about 57 families (Lindeberg et al., 2012) . The major function of these type III effectors is to suppress plant innate immunity Fu et al., 2007; Block et al., 2008) . Despite their sessile nature and lack of circulation system, plants have developed elegant strategies to defend themselves against pathogen infection. As the first layer of defense, plants utilize a large number of transmembrane receptorlike kinases (RLKs) that function as pattern recognition receptors (PRRs) to perceive many conserved microbial molecules called microbe-associated molecular patterns (MAMPs), such as flagellin, elongation factor Tu (EF-Tu), fungal chitin, and glucan (Boller and Felix, 2009 ). These MAMPs can activate broad-spectrum immune responses called MAMP-triggered immunity (MTI). The brassinosteroid receptor-associated kinase 1 (BAK1) interacts with the flagellin receptor FLS2 or EF-Tu receptor EFR, and functions as an adaptor or a co-receptor to regulate PRR-dependent innate immunity (Sun et al., 2013) . In order to cause diseases, plant pathogens, including fungi, oomycetes, and bacteria, deliver effectors into plant cells to suppress MTI and these effectors collectively cause diseases . As an adaption to effector-triggered susceptibility, plants developed a robust second layer of the innate immune system termed effector-triggered immunity (ETI). ETI is triggered by disease resistance (R) proteins, mostly classified as nucleotide-binding site leucine-rich repeat (NBS-LRR) proteins, after direct or indirect detection of pathogen effectors. ETI is characterized by a robust defense output, often associated with rapid, programmed cell death, known as the hypersensitive response, to restrict pathogen propagation (Wu et al., 2014) .
Plant innate immunity activates a set of signaling cascades, involving typical early immune responses, such as mitogen-activated protein kinase activation, reactive oxygen species production, marker gene expression, and later immune responses, such as callose deposition at cell walls and synthesis of pathogenesisrelated (PR) proteins (Tsuda and Katagiri, 2010) . Plant innate immunity, initiated from local tissues by virulent and avirulent pathogens, primes systemic defense by long-distance intercellular communications, inducing a much faster, stronger, and broader resistance in the whole plant, termed systemic acquired resistance (SAR), in response to a secondary infection by a wide variety of pathogens (Fu and Dong, 2013) .
Studies have shown that the plant hormone salicylic acid (SA) is required for both local defense and SAR against biotrophic and semi-biotrophic pathogens (Fu and Dong, 2013) . Arabidopsis mutants that are defective in SA biosynthesis or accumulation, such as ics1, eds1, pad4, and eds5 mutants, show enhanced susceptibility to pathogen infection and are defective in SAR (Lu, 2009) . Exogenous application of SA will dramatically induce the expression of antimicrobial PR proteins and increase disease resistance (Shah et al., 1997) . A gene called NPR1 (NON-EXPRESSER OF PR GENES 1) was identified through genetic screens for Arabidopsis mutants that are defective in inducing PR gene expression (Cao et al., 1994) . Furthermore, npr1 mutants display increased disease susceptibility to bacterial and fungal pathogens, indicative of NPR1's indispensable roles in plant defense. NPR1 protein is predominantly localized in the cytosol as oligomers in non-induced conditions. Induction of SA by pathogen attack reduces the oligomeric NPR1 into monomers through association with thioredoxins, allowing NPR1 monomers to enter the nucleus (Kinkema et al., 2000; Mou et al., 2003; Tada et al., 2008) . As transcriptional coactivators, NPR1 monomers interact with TGA transcription factors, which bind the promoter of PR genes, to activate the expression of PR genes (Fu and Dong, 2013) . NPR1 modulates expression of a large set of genes (2, 248) , corresponding to almost 99% of SA-responsive genes, highlighting the importance of NPR1 in SA signaling pathways and in transcriptional reprogramming during plant defense (Wang et al., 2006) . Currently, only a few plant pathogen effectors have been reported to influence SA-regulated plant defense (Tanaka et al., 2015) . For example, P. syringae HopI1 recruits Hsp70 into chloroplasts and presumably causes chloroplast remodeling to suppress SA biosynthesis or transport (Jelenska et al., 2007) . SA is synthesized through the ICS1 (isochorismate synthesis 1) pathway during pathogen infection in Arabidopsis plants (Wildermuth et al., 2001) . ICS1 converts chorismate into isochorismate and then presumably an unidentified IPL (isochorismate pyruvate lyase) converts isochorismate into SA (Chen et al., 2009 ). More recently, the fungal chorismate mutase, Cmu1, and two isochorismatases, the oomycete PsLsc1 and the fungal VdLsc1, were shown to affect SA biosynthesis (Djamei et al., 2011; Liu et al., 2014) . In addition to targeting SA biosynthesis, some pathogen effectors target SA signaling via various mechanisms. P. syringae HopM1/AvrE effectors suppress SA-dependent basal immunity (DebRoy et al., 2004 ) and a nuclear localized downy mildew effector HaRxL44 mediated the degradation of Mediator subunit 19a to attenuate SA-mediated plant defense (Caillaud et al., 2013) .
Since NPR1 functions as a master regulator of plant defense and SA signaling, we speculated that type III effectors from P. syringae would directly target NPR1 to disrupt plant immunity. To test this hypothesis, a conventional yeast two-hybrid (Y2H) screen was deployed to identify potential pathogen effectors that bind NPR1. Here, we show that SA facilitates the interaction between the P. syringae type III effector AvrPtoB and NPR1. AvrPtoB mediates the degradation of NPR1 dependent on its E3 ligase activity, through the host 26S proteasome in the presence of SA, which contributes to pathogen virulence and inhibition of plant defense. Furthermore, we demonstrate that NPR1 is a positive regulator of MTI and show that different classes of NPR1-dependent SA signaling genes are suppressed by AvrPtoB during immune responses. Thus, we propose a model in which AvrPtoB targets SA-stimulated, functional NPR1, and impairs SA-dependent transcriptional reprogramming to suppress host immunity.
RESULTS

SA Facilitates AvrPtoB-NPR1 Interaction in Y2H Assays
To test our hypothesis regarding the targeting of NPR1 by pathogen effectors, we used a Y2H assay to investigate the physical interactions between P. syringae type III effectors and NPR1 (Baltrus et al., 2011; Mukhtar et al., 2011) . Among the effectors identified through these screens, AvrPtoB was found to interact with NPR1 weakly in the absence of SA ( Figure 1A) . Interestingly, addition of SA dramatically enhanced its interaction with NPR1. Moreover, two active analogs of SA, 3,5-dichlorosalycilic acid (DCSA) and 2,6-Dichloroisonicotinic acid (INA), also strongly promoted the interaction between AvrPtoB and NPR1. By contrast, the SA inactive analog 3-hydroxy benzoic acid (3HBA) showed no effect on this interaction. To show that this interaction is specific, we compared the interaction between NPR1 and AvrPtoB with the interaction between NPR1 and AvrPto. Although sequence unrelated, both AvrPto and AvrPtoB can interact with Pto kinase and activate ETI via the coil-coiled NBS-LRR type R protein Prf (Salmeron et al., 1996; Kim et al., 2002) . As shown in Figure S1D , AvrPto showed no interaction with NPR1 in the presence of SA. These data indicate that the SA-dependent interaction between AvrPtoB and NPR1 is specific.
Distinct Regions of AvrPtoB and NPR1 Are Required for Y2H Interaction
AvrPtoB contains an N-terminal Pto-interacting domain (PID) between amino acids 121 and 200 ) and a C-terminal U-box type E3 ubiquitin ligase domain ( Figure S1A ). The amino acid residues 1-387 of AvrPtoB are necessary and sufficient for interacting with BAK1 and Fen kinases (Shan et al., 2008; Cheng et al., 2011; Mathieu et al., 2014) ; however, a shorter N-terminal region, AvrPtoB 1-307 , is responsible for its interaction with CERK1, Bti9, and MKK2 (Gimenez-Ibanez et al., 2009; Zeng et al., 2012; Wei et al., 2015) . To identify specific domains in AvrPtoB that interact with NPR1, we generated a series of AvrPtoB truncations and point mutations and conducted Y2H assays in the presence of SA (Figures S1A and S1B). Two deletion mutants, AvrPtoB 1-307 and AvrPtoB 1-387, and AvrPtoB E3-LOF (an inactive E3 ligase form containing point mutations in three E2 enzyme binding sites: F479A/F525A/P533A; Mathieu et al., 2014) showed significant interaction with NPR1 in the presence of SA ( Figures 1B and S1B ), suggesting that residues 1-307 are sufficient for AvrPtoB's interaction with NPR1 and that its E3 ligase domain is dispensable for the interaction. Additional truncated constructs AvrPtoB 1-205 , AvrPtoB , and AvrPtoB 308-553 exhibited no detectable interaction with NPR1 (Figures 1B and S1B) . Thus, AvrPtoB 206-307, just behind the PID, is necessary for specific interaction between AvrPtoB and NPR1 in the presence of SA, which is distinct from AvrPtoB's interacting regions with Pto, BAK1, and Fen (Wirthmueller et al., 2013) .
NPR1 protein consists of an ankyrin repeat (AKR) in the central region (Cao et al., 1997) , an N-terminal broad complex, tram track, bric-à -brac/poxvirus and zinc-finger (BTB/POZ) domain, and a putative transcriptional activation domain with acidic amino acids in the C-terminal region ( Figure S1C ). To further characterize critical motifs required for NPR1-AvrPtoB interaction, various mutagenesis approaches along with certain NPR1 deletion mutants were utilized in Y2H assays with and without the addition of SA (Figures S1D and S1E ). Among these mutants, the NPR1 1-280 fragment containing only the BTB/POZ domain did not show interaction with AvrPtoB, whereas C-terminal NPR1 150-593 including the AKR motif was sufficient for the interaction ( Figure S1D ). Moreover, several point mutants, such as (A) SA and its active analogs facilitate interaction between NPR1 and AvrPtoB in Y2H assays. Yeast diploids selected on double synthetic dropout (DDO) medium lacking histidine and tryptophan were tested for growth on selective quadruple dropout (QDO) medium lacking tryptophan, leucine, adenine, and histidine. SA (0.2 mM), its active analogs DCSA, INA, or the inactive analog 3-HBA was supplemented in QDO medium. Colony growth was scanned after 3 days of incubation. (B) AvrPtoB 1-307 is necessary for interaction with NPR1 in Y2H assays. Yeast cells grown on DDO and selective QDO media supplemented with 0.2 mM SA are shown. Expression of various AvrPtoB deletion constructs in yeast was detected by immunoblot using a-c-Myc antibodies (right). E3-LOF, AvrPtoB E3-LOF . (C) In vitro pull-down assays of Trx-His 6 -NPR1 with GST-AvrPtoB fusion protein. The precipitation of Trx-His 6 -NPR1 protein with GST-AvrPtoB bound glutathione particles was detected by immunoblot using a-His antibody before (input) and after washes (pull-down). The same eluted protein was also blotted with a-GST antibody to show approximately equal amount of recombinant protein. The signal intensities of precipitated Trx-His 6 -NPR1 protein by application of SA (+) or not (À) were quantified and normalized to the intensity of the corresponding GST-AvrPtoB proteins. Relative Trx-His 6 -NPR1 band intensity is quantified below (normalized to GST-AvrPtoB and relative to control). (D) Co-immunoprecipitation (coIP) of AvrPtoB with NPR1 in N. benthamiana. HA-AvrPtoB and NPR1-GFP under control of the cauliflower mosaic virus 35S promoter were transiently co-expressed in wild-type (WT) or NahG transgenic N. benthamiana leaves by agroinfiltration. Protein extracts collected after 50 mM MG115 treatment were subjected to coIP. The immunoprecipitated (IP) and input proteins were analyzed via immunoblot (IB) assay using a-HA and a-GFP antibodies. The signal intensities of co-immunoprecipitated HA-AvrPtoB proteins were quantified and normalized to that in the input fractions. Relative HAAvrPtoB band intensity is shown below (normalized to precipitated NPR1-GFP and relative to NahG plants). (E) CoIP of NPR1 with AvrPtoB in transgenic Arabidopsis. T 3 transgenic Arabidopsis expressing the Flag-AvrPtoB under control of a Dex-inducible promoter in the 35S:NPR1-GFP/npr1-2 background (Dex:Flag-AvrPtoB; NPR1-GFP/npr1-2) was used. Five-week-old soil-grown plants were treated with 3 mM DEX and/or 0.5 mM SA for 12 hr. Leaf extracts were immunoprecipitated (IP) with a-Flag beads and eluted proteins were analyzed by IB with a-GFP and a-Flag antibodies. Relative NPR1-GFP band intensity is denoted below (normalized to immunoprecipitated Flag-AvrPtoB and relative to control). Ponceau S staining of Rubisco large subunit was used to monitor equal loading of total proteins. Numbers on the left axis represent the molecular mass size of marker in kilodaltons (kDa). See also Figure S1 . (legend continued on next page) npr1-1, npr1-5, and nim1-2 in the AKR domain, and an additional AKR deletion mutant (DAKR) all lost their ability to interact with AvrPtoB in the presence of SA ( Figure S1D ). These results indicate that the AKR domain of NPR1 is required for its interaction with AvrPtoB.
AvrPtoB Interaction with NPR1 Is Enhanced by SA In Vitro and In Vivo To test if SA promotes the direct interaction between AvrPtoB and NPR1, we carried out pull-down assays in the presence and absence of SA using purified recombinant glutathione-Stransferase (GST)-tagged AvrPtoB and thioredoxin (Trx)-His 6 -tagged NPR1 fusion proteins expressed in Escherichia coli. The purified GST-AvrPtoB protein was immobilized on glutathione Sepharose beads and mixed and incubated with cell lysates containing the Trx-His 6 -NPR1 fusion protein. After washing, the Trx-His 6 -NPR1 protein was efficiently pulled down by GST-AvrPtoB ( Figure 1C ). Addition of SA increased the amount of Trx-His 6 -NPR1 protein pulled down by GSTAvrPtoB. In contrast, equivalent amounts of GST protein alone did not bind to Trx-His 6 -NPR1 under any condition. Apparently, AvrPtoB can directly bind to NPR1 and exogenous SA significantly increased their binding affinity in vitro.
To investigate the association of AvrPtoB and NPR1 in planta, we performed co-immunoprecipitation (coIP) assays in Nicotiana benthamiana and transgenic Arabidopsis. First, AvrPtoB protein with an N-terminal HA-tag (HA-AvrPtoB) and NPR1 protein with a C-terminal GFP tag (NPR1-GFP) were transiently coexpressed in N. benthamiana by infiltration with Agrobacterium tumefaciens. The HA-AvrPtoB proteins were effectively coimmunoprecipitated by NPR1-GFP covalently bound to beads ( Figure 1D ), indicating that AvrPtoB is associated with NPR1 in planta. The NahG gene isolated from the soil bacterium Pseudomonas putida encodes a salicylate hydroxylase, which degrades SA into SAR-inactive catechol (Delaney et al., 1994) . In NahG transgenic N. benthamiana, HA-AvrPtoB protein was not found to be efficiently associated with NPR1-GFP protein ( Figure 1D ). These results indicate that endogenous SA enhances NPR1 binding to AvrPtoB in N. benthamiana.
Next, we carried out reciprocal coIP experiments to investigate the interaction between NPR1 and AvrPtoB in Arabidopsis. T 3 transgenic Arabidopsis expressing Flag-AvrPtoB under the control of a dexamethasone (DEX)-inducible promoter in the NPR1-GFP/npr1-2 background were generated. Figure 1E shows that NPR1-GFP protein was sufficiently co-immunoprecipitated with the conjugated beads in DEX-treated transgenic Arabidopsis expressing Flag-AvrPtoB but not in mock-treated plants. Besides, NPR1-GFP could be recruited by FlagAvrPtoB with a slightly higher affinity compared with that without SA treatment ( Figure 1E ). These results clearly illustrate that SA facilitates the association between NPR1 and AvrPtoB in Arabidopsis.
SA Promotes AvrPtoB-Mediated Degradation of NPR1
Since AvrPtoB functions as an active U-box E3 ligase and mediates degradation of membrane RLKs (e.g., FLS2 and CERK1) in the cytoplasm (Gohre et al., 2008; Gimenez-Ibanez et al., 2009 ), we next examined whether the stability of NPR1 is affected by AvrPtoB in planta. We observed that NPR1-GFP protein was significantly lower in N. benthamiana leaves co-expressing DEX-inducible Flag-AvrPtoB and NPR1-GFP after 12 hr of DEX treatment compared with total extracts without DEX treatment ( Figure 2A ). DEX treatment did not affect the expression and transcription of NPR1-GFP ( Figure S2A ). Also, leaves co-expressing Flag-AvrPtoB and NPR1-GFP exhibited a significantly lower level of NPR1-GFP protein compared with leaves co-expressing Flag-GUS and NPR1-GFP ( Figure 2B ). These findings indicate that AvrPtoB causes the degradation of NPR1 in N. benthamiana.
To identify the primary NPR1 degradation pathway, a 26S proteasome inhibitor, MG115, and a selective inhibitor of vacuolartype H + -ATPase, Bafilomycin A1 (BAF), were employed to block specific protein degradation pathways in plants. As shown in Figure 2B , only MG115 significantly blocked AvrPtoB-mediated NPR1 destabilization, suggesting that NPR1 undergoes degradation by the 26S proteasome rather than through vacuoles. In addition, we found that the E3 ligase catalytically inactive mutant AvrPtoB E3-LOF was compromised in its ability to degrade NPR1 by agroinfiltration in NPR1-GFP/npr1-2 transgenic Arabidopsis ( Figure 2C ). This result was consistent with our data obtained using non-pathogenic Pseudomonas fluorescens 55 (Pfo) to deliver AvrPtoB or AvrPtoB E3-LOF into Arabidopsis and by co-expressing AvrPtoB or AvrPtoB E3-LOF with NPR1-GFP in N. benthamiana (Figures S2B and S2C) . Collectively, these data indicate that AvrPtoB triggers NPR1 degradation via the 26S proteasome pathway in an E3 ligase-dependent manner.
To further substantiate the role of SA in AvrPtoB-mediated NPR1 degradation, we transiently expressed the aforementioned constructs in NahG transgenic N. benthamiana. Clearly, the AvrPtoB-mediated NPR1 degradation was more pronounced in wild-type plants than in NahG transgenic plants (Figure 2D) , indicating that there was less NPR1 protein in NahG plants, and endogenous SA in wild-type plants could facilitate AvrPtoB-mediated NPR1 degradation in N. benthamiana. Next, we focused on investigating the regulation of endogenous NPR1 stability by AvrPtoB in Arabidopsis. It has been reported that the basal NPR1 protein level is very low due to constitutive elimination by proteolysis (Tada et al., 2008; Spoel et al., (G) Inducible expression of AvrPtoB triggers NPR1-GFP degradation by SA. The Dex:Flag-AvrPtoB;NPR1-GFP/npr1-2 #3 transgenic Arabidopsis was treated with 0.5 mM SA for 12 hr and then infiltrated with buffer (mock) or 1 mM DEX by indicated times. (H) AvrPtoB-mediated in vivo poly-ubiquitination of NPR1. Leaves of Dex:Flag-AvrPtoB;NPR1-GFP/npr1-2 #3 or Dex:Flag-AvrPtoB E3-LOF ;NPR1-GFP/npr1-2 #16 transgenic Arabidopsis incubated with 100 mM MG115 were infiltrated either with 1 mM Dex and/or 0.2 mM SA or mock for 12 hr. Protein extracts were immunoprecipitated (IP) with a-GFP beads. The bound proteins and input were subjected to reducing SDS-PAGE and analyzed by immunoblotting using a-Ubiquitin (Ub), a-GFP, and a-Flag antibodies. Poly-ubiquitinated forms of NPR1 (NPR1-Ub [n] ) were detected as high-molecular-weight smears. NPR1-GFP proteins were separated by non-reducing and reducing SDS-PAGE gel followed by immunoblot using a-GFP and a-Flag antibodies. NPR1-GFP oligomeric (O), monomeric (M), and total (T) proteins were detected. See also Figure S2. 2009). SA significantly increases NPR1 protein level and can concomitantly lead to degradation by Cullin 3 E3 ligase, mediated by NPR3 and NPR4 as adaptors in the nucleus to maintain the optimum NPR1 protein level (Tada et al., 2008; Spoel et al., 2009; Fu et al., 2012) . To determine whether AvrPtoB destabilizes the endogenous NPR1 protein in the presence of SA, we treated the wild-type and the inducible AvrPtoB transgenic Arabidopsis with DEX, followed by SA application or a combination of SA and DEX treatment. We found a reduced NPR1 protein level in the transgenic line ( Figures 2E and S2D) . Similarly, AvrPtoB delivered alone by Pfo 55 (Guo et al., 2009 ), which carries a cosmid containing the type III secretion apparatus of P. syringae, could also robustly inhibit the accumulation of NPR1 after the SA treatment ( Figure 2F ). These results reveal that AvrPtoB facilitates endogenous NPR1 degradation in Arabidopsis. In addition, NPR1-GFP, especially the monomeric form, was shown to be significantly decreased upon induction of AvrPtoB in transgenic Arabidopsis after exogenous SA application ( Figure 2G ) and NPR1-GFP protein was not affected by DEX treatment ( Figure S2E ), supporting that AvrPtoB promotes NPR1 degradation in response to SA.
Since AvrPtoB directly interacts with NPR1 and mediates NPR1 degradation dependent on its E3 ligase activity, we determined if AvrPtoB promotes NPR1 poly-ubiquitination. As shown in Figure 2H , immune-precipitated NPR1-GFP was highly poly-ubiquitinated in DEX-inducible AvrPtoB but not in AvrPtoB E3-LOF transgenic Arabidopsis, and the poly-ubiquitination of NPR1-GFP was significantly enhanced by SA. Collectively, these results demonstrate that AvrPtoB promotes the poly-ubiquitination and subsequent degradation of NPR1 in the presence of SA via the host 26S proteasome dependent on its E3 ligase activity in planta.
AvrPtoB Suppresses NPR1-Mediated Plant Defense
To assess whether degradation of NPR1 is important for AvrPtoB-mediated promotion of P. syringae pv. tomato (Pst) DC3000 pathogenicity in Arabidopsis, we analyzed bacterial multiplication of DC3000 and DC3000 DavrPtoB mutant (a DC3000 mutant lacking AvrPtoB) in Arabidopsis. In Col-0 plants, the growth of DavrPtoB mutant was significantly reduced compared with DC3000 ( Figure 3A) , supporting the strong virulence activity of AvrPtoB on Arabidopsis. In npr1-2 mutant plants, however, both strains showed increased bacterial multiplication and enhanced disease symptoms ( Figures 3A and  S3A ). There was no significant difference between the growth of DC3000 and the growth of DavrPtoB in npr1-2 plants when they were infiltrated into npr1-2. These data demonstrate that the virulence function of AvrPtoB is dependent on NPR1. Therefore, NPR1 is the major virulence target of AvrPtoB.
We next studied whether AvrPtoB delivered into plant cells by the DC3000 type III secretion system affects native NPR1 protein in Arabidopsis. Wild-type DC3000 and the DC3000 DavrPtoB mutant were infiltrated into Arabidopsis Col-0 plants. We detected a significantly higher level of NPR1 protein in Arabidopsis upon DavrPtoB mutant infection compared with that by DC3000 inoculation, indicating that AvrPtoB plays an important role in the degradation of native NPR1 protein during DC3000 infection ( Figure 3B ). In particular, this finding implies that NPR1 already induces long-lasting but weaker MTI before being shut down by AvrPtoB. Consistently, the expression of PR1 protein, which is controlled by NPR1, is significantly reduced in DC3000-infiltrated Arabidopsis leaf samples compared with DavrPtoB-infiltrated samples ( Figure 3B) . Intriguingly, the possible slight induction of NPR1 transcription by DavrPtoB is lower than that by DC3000 ( Figures S3B and S3C) , demonstrating that AvrPtoB destabilizes NPR1 by post-transcriptional regulation. Moreover, the NPR1-GFP protein level in transgenic Arabidopsis was dramatically decreased after infection by DC3000, but not when the plants were challenged with DavrPtoB, DC3000 hrcC À mutant (a type III secretion-defective mutant that is deficient in delivering effectors into host cells), or the double mutant strain DC3000 DavrPtoBDavrPto (Figures 3C and S4 ). The degradation of NPR1-GFP protein by DC3000 was also accompanied by a decreased nuclear NPR1-GFP protein level as visualized by fluorescence in Arabidopsis leaves ( Figure 3D ). Thus, AvrPtoB destabilizes NPR1 protein by post-transcriptional regulation after bacterial infection in Arabidopsis.
Previous studies have demonstrated that a subset of type III effectors, including AvrPtoB, can suppress callose deposition triggered by MAMPs (de Torres et al., 2006; Guo et al., 2009) . To further characterize the nature of cell-wall-based immunity impaired by AvrPtoB, we employed the DC3000 DavrPtoB mutant strain to examine cell-wall callose papillae formation. Strikingly, the DavrPtoB mutant elicited a higher level of callose papillae in wild-type Arabidopsis compared with DC3000 ( Figure 4A ). Next, to evaluate the requirement of NPR1 for DavrPtoB-enhanced cell-wall deposition, we determined the amount of callose deposition by cytological examination in leaves of npr1-2 mutant Arabidopsis infected by DC3000 or DavrPtoB strain. The ability to mount the cell-wall-associated plant defense elicited by DavrPtoB in wild-type plants was significantly reduced in npr1-2 plants ( Figure 4A ). This result correlates with the increased susceptibility of npr1-2 plants to DavrPtoB ( Figure 3A) . Therefore, the DavrPtoB mutant is compromised in its virulence and shows elevated NPR1-dependent cell-wall defense, supporting the hypothesis that AvrPtoB is capable of repressing NPR1-mediated basal immunity.
It has been shown that two callose synthase genes, also referred to as glucan synthase-like genes GSL5 and GSL6, are involved in the NPR1-dependent SA signaling pathway . To better understand the signal transduction pathways leading to callose deposition induced by pathogens, we further analyzed the expression of these callose synthase genes in Col-0 and npr1-2 plants in response to DC3000 or DavrPtoB mutant. Although both GSL5 and GSL6 genes were significantly activated in response to pathogen attacks ( Figure 4B ), the induction of the expression of these genes was more pronounced in DavrPtoB mutant infiltrated Col-0 plants. Moreover, the expression of these two genes was significantly compromised in npr1-2 plants. We also used PR1 expression as a marker of SA signaling. A high level of PR1 transcripts was observed in Col-0 but not in npr1-2 plants, consistent with increased accumulation of PR1 protein in Col-0 by DavrPtoB mutant infection ( Figure 4B ). Therefore, AvrPtoB represses NPR1-mediated SA signaling genes to inhibit plant immune responses. expression of AvrPtoB in planta blocks MTI activated by hrcC À or flg22 in a manner dependent on its E3 ligase activity. NPR1 was reported to play a vital role in SA signal transduction and SAR. Based on our prior observations in Arabidopsis, AvrPtoB can degrade native NPR1 protein, implying that AvrPtoB could impede SA-mediated plant immunity and SAR. Foliar pretreatment with SA resulted in an enhanced resistance to subsequent infection by a virulent pathogen, P. syringae pv. maculicola (Psm) ES4326, in wild-type Col-0 Arabidopsis (Figures 5D and S5C) . Like npr1-2 mutant plants, SA-induced plant defense was strongly impaired in AvrPtoB transgenic Arabidopsis but not in AvrPtoB E3-LOF transgenic plants. This finding further supports that expression of AvrPtoB in plants inhibits SA-regulated plant immunity and that the E3 ligase activity is required for this inhibition.
Likewise, SAR induced by the avirulent pathogen DC3000 DavrPtoB or Psm ES4326 carrying AvrRpt2 (Figures 5E and S5D) was abolished in systemic leaves of Arabidopsis AvrPtoB but not AvrPtoB E3-LOF transgenic plants, indicating that the E3 ligase activity of AvrPtoB is important for the inhibition of SAR. Furthermore, AvrPtoB but not AvrPtoB E3-LOF transgenic seedlings were hypersensitive to SA-induced toxicity on Murashige and Skoog plates, a phenotype resembling npr1-2 mutants (Figure S5E ). Taken together, we conclude that the targeting of NPR1 by AvrPtoB in host cells could subvert NPR1-dependent SA-mediated plant defense.
NPR1 Plays a Prominent Role in MAMP Signaling
Because AvrPtoB mediates NPR1 degradation and suppresses MTI, we analyzed whether NPR1 would be regulated during Relative expression levels were normalized to the reference gene eEF-1a. Error bars represent SD. Asterisks indicate significant differences between Col-0 and npr1-2 (multiple t tests, one per row, **p < 0.01, ***p < 0.001; n = 4).
MAMP signaling. NPR1 protein is strongly upregulated by DC3000 hrcC À mutant or flg22 treatment ( Figure 6A ), although foliar infiltration of DC3000 hrcC À resulted in a moderate induction of NPR1 transcripts in Col-0 Arabidopsis ( Figure S6C ). NPR1 induction was nearly eliminated in the SA accumulation mutants (eds1, pad4, ics1, and eds5) ( Figure S6A ), revealing that NPR1 protein accumulation is regulated in an SA-dependent manner during MAMP signaling (Fu et al., 2012) .
To investigate the importance of NPR1 in MTI, we evaluated the contribution of NPR1 to callose deposition and marker gene expression in MAMP signaling. As demonstrated in Figure 6B , NPR1 positively regulates cell-wall-associated plant defense in response to the DC3000 hrcC À . Conversely, flg22-elicited callose deposition was not compromised in npr1-2 ( Figure S6B ). To further analyze the expression of a later response gene (PR1) and early defense marker genes, including FRK1, AT2G17740, WRKY6, and WRKY29 in MAMP signaling, the induction kinetics of these genes were monitored in Col-0 and npr1-2 after hrcC À challenge. PR1 expression in response to hrcC À was strongly reduced in npr1-2 ( Figure S6C ).
In addition, activation of the early MAMP marker genes was also significantly impaired in npr1-2 mutant after pathogen challenge ( Figure S6C ). These results indicate that NPR1 functions as a potent regulator to positively regulate multiple MAMP signaling responses.
DISCUSSION
Despite the importance of NPR1 in SA signaling, it has never been shown to be a target of a pathogen effector. Our studies here show that the bona fide type III effector AvrPtoB, which is injected into plant cells by a P. syringae type III secretion system (Fu et al., 2006) , directly targets the master regulator of SA signaling NPR1 to subvert plant immunity. We find that SA promotes the interaction between NPR1 and AvrPtoB. Thus, our study reveals a paradigm in the molecular interactions between hosts and microbes. Before pathogen infection or SA treatment, most NPR1 protein exists as oligomers in the cytosol in a resting state (Kinkema et al., 2000; Mou et al., 2003) . Upon pathogen infection or SA treatment, NPR1 oligomers are reduced to monomers and enter the nucleus to interact with TGA transcription factors and activate PR gene expression. Since AvrPtoB is also localized in the cytosol (Gohre et al., 2008) , it is likely that AvrPtoB facilitates NPR1 degradation in Plant leaves were co-sprayed with 3 mM DEX and 0.3 mM SA or H 2 O for 48 hr before infiltration using 10 6 cfu/mL of Psm ES4326. Multiplication was assessed at 2 dpi. Error bars represent SD (n = 6).
(E) AvrPtoB impairs SAR. Plant leaves were sprayed with 3 mM DEX for 12 hr before inoculation with either DC3000 DavrPtoB AvrRpt2 (10 7 cfu/mL) or MgCl 2 in two lower leaves. After 24 hpi, upper leaves were infiltrated with DC3000 DavrPtoB (10 6 cfu/mL) and leaf discs from the second inoculation were collected 2 dpi. Error bars represent SD (n = 6). Results are representative of at least three independent experiments. Asterisks indicate significant differences between mock and corresponding treatments (multiple t tests, one per row, **p < 0.01, ***p < 0.001). See also Figure S5 .
the cytosol prior to nuclear entry, thereby disrupting SA-mediated plant defense. NPR1 protein in plants, which is required for the expressing of PR genes encoding antimicrobial proteins, is functionally equivalent to mammalian nuclear factor (NF)-kB protein, which promotes the expression of antimicrobial cytokines (Tak and Firestein, 2001 ). Similar to our report, some intracellular human pathogens (Salmonella, Legionella, Shigella, etc.) also possess ubiquitin ligase-like effectors that interfere with host responses to promote infection (Ashida and Sasakawa, 2016) . For example, one conserved bacterial effector NEL E3 ligase secreted by Shigella interacts with a classic NF-kB protein p65 causing poly-ubiquitination of p65 and undermining NF-kB activation in response to tumor necrosis factor alpha. Taken together, these studies indicate that plant and mammalian bacterial pathogens have evolved similar strategies to suppress the central defense mechanism of their corresponding hosts to establish infection.
In this study, NPR1 is identified as a target of the type III effector AvrPtoB. AvrPtoB was previously shown to interact with Pto kinase, another Pto family protein Fen kinase and a LysM receptor-like kinase Bti9 in tomato (Kim et al., 2002; Rosebrock et al., 2007; Zeng et al., 2012) . Also, the potent effector AvrPtoB targets flagellin co-receptors FLS2/BAK1 and chitin receptor CERK1 to suppress MTI in Arabidopsis (Gohre et al., 2008; Shan et al., 2008; Gimenez-Ibanez et al., 2009) . Therefore, AvrPtoB has here been shown to target both MAMP receptors and the master regulator of plant defense NPR1. These findings indicate that AvrPtoB has multiple targets in host cells and targets distinct components involved in plant defense (Cheng et al., 2011; Wei et al., 2015) . Thus, we speculate that more unknown regulators important for plant immunity might be targets of AvrPtoB in Arabidopsis. NPR1, as a target of AvrPtoB, is a central hub for transcriptional reprogramming in SA-modulated host immunity. Given that plants have evolved a large array of PRRs for recognizing specific ligands that elicit plant defense responses, it is likely that pathogen effectors blocking downstream convergent signaling components in MTI could provide an effective strategy to suppress different routes of MTIs. These intricate molecular and functional features not only reflect a co-evolutionary tug of war in host-pathogen interactions but also suggest that effectors have evolved to interfere with the most critical hubs in the plant defense network.
To further elucidate the mechanisms of NPR1 in mediating MTI responses, in-depth studies will focus on identifying the specific MAMP and/or multiple MAMPs signaling implicated in NPR1-regulated innate immunity. Our data mainly illustrate that AvrPtoB efficiently degrades NPR1 and in turn disturbs the expression of NPR1-dependent SA signaling genes involved in callose biosynthesis and PR1. Notably, several NPR1-dependent MAMP response genes induced by hrcC À ( Figure S6C) are also found to be upregulated in SA signaling (Wang et al., 2006) , which have been shown to be attenuated by the conditional expression of AvrPtoB in a previous study (de Torres et al., 2006) . Thus, AvrPtoB could suppress NPR1-dependent transcriptional reprogramming during SA-mediated immune responses. To detect the global NPR1-dependent transcription reprogramming affected by AvrPtoB, it will be of interest to determine the degree of overlap among genes misregulated in AvrPtoB transgenic lines and npr1 plants upon DC3000 hrcC À mutant treatment.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
AUTHOR CONTRIBUTIONS
H.C., F.L., and Z.Q.F. designed experiments and analyzed data. H.C. performed most of the experiments and prepared the figures. J.C., M.L., M.C., K.X., Z.S., Y. Zhao, I.P., Y. Zheng, and J.M. performed the remainder of the experiments. J.R.A. and M.T.N. provided many of the bacterial strains and constructs used in this study. H.C., Z.Q.F., and F.L. wrote the paper with inputs from other authors.
ACKNOWLEDGMENTS
We thank Jeff Dangl for providing P. syringae type III effector entry clones; Greg Martin and Ping He for providing P. syringae pv. tomato DC3000 DavrPtoB mutant and DC3000 DavrPtoB DavrPto double mutant; Libo Shan for providing Nd-0 AvrPtoB transgenic plants; Zhonglin Mou for providing pad4 and eds5 mutant seeds; and Xinnian Dong, Beth Krizek, and Johannes Stratmann for critical reading of this manuscript. M.L. was partly funded by the Chinese Scholarship Council.
STAR+METHODS CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Zheng Qing Fu (zfu@maibox.sc.edu).
EXPERIMENTAL MODEL AND SUBJECT DETAILS Arabidopsis
All of the Arabidopsis [Arabidopsis thaliana (L.) Heynh.] transgenic lines and mutants were derived from Columbia (Col-0) ecotype unless otherwise noted. After stratification of seeds at 4 C for 3 days in the dark, Arabidopsis plants were grown in soil at 22 C with relative 70% humidity in a growth chamber (12 h light/12 h dark). For in vitro culture, surface sterilized seeds were sowed on plates containing 1/2 Murashige and Skoog (MS) basal salts and 1% sucrose, pH 5.7 solidified with 0.25% phytagel (Sigma-Aldrich) at 22 C under long-day conditions (16 h light/8 h Dark). Transgenic plants were generated by Agrobacterium tumefaciens (GV3101)-mediated transformation using the floral dipping method. The Dex:Flag-AvrPtoB and Dex:Flag-AvrPtoB E3-LOF transformants were selected on 1/2 MS medium with 5 mM hygromycin B. The NPR1-GFP/npr1-2 transgenic plants were reported previously (Mou et al., 2003) . The Dex:Flag-AvrPtoB construct was also transformed into NPR1-GFP/npr1-2 background in order to generate Dex:Flag-AvrPtoB; NPR1-GFP/npr1-2 transgenic lines. All transgenic lines with a 3:1 segregation ratio of resistant:sensitive (in T 2 ) were examined in the T 3 generation to obtain homozygous transgene plants. Inducible expression of transgene was confirmed by immunoblot. The Arabidopsis mutants npr1-2 (Cao et al., 1997 ), npr1-3 (CS3802), eds1-2 (Bartsch et al., 2006 , pad4 (Jirage et al., 1999) , ics1 (Wildermuth et al., 2001) , eds5 (Nawrath et al., 2002) and fls2 (Salk_141277) were used in this study.
Nicotiana benthamiana N. benthamiana was grown in greenhouses at 22
C with a long-day photoperiod (16 h light and 8 h dark).
Bacterial Strains
Pst DC3000, hrcC -mutant, DavrPtoB mutant, DavrPtoBDavrPto double mutant, P. fluorescens (Pfo), P. syringae pv maculicola (Psm) ES4326, DC3000 DavrPtoB mutant carrying AvrRpt2, and Psm ES4326 carrying AvrRpt2 strains were grown at 28 C on the King's B (KB) medium with appropriate antibiotics.
METHOD DETAILS Plasmid Construction
Sequences of gene-specific primers used in this study are listed in Table S1 . The amplified fragments by PCR in all constructs were analyzed by DNA sequencing to ensure that all sequences are validated.
The DNA sequences of the validated type III effector proteins from Pseudomonas syringae previously inserted into the entry vectors pDONR207 and/or pENTR/D-TOPO (Chang et al., 2005; Guo et al., 2009) were individually remobilized into the gateway destination vector pGBKT7 (Clontech) using Gateway (GW) LR Clonase II Enzyme Mix (Invitrogen) following manufacturer's instructions. The entire coding regions of NPR1 and GUS, which has similar molecular weight to NPR1, were cloned into the gateway destination vector pGADT7 (Clontech) by recombination, respectively. To make different truncations of AvrPtoB (AvrPtoB 1-205 , AvrPtoB 1-307 , AvrPtoB 1-387 , AvrPtoB 308-436 and AvrPtoB 308-553 ) or NPR1 (NPR1 ), these truncated fragments were amplified by PCR using Phusion Ò DNA Polymerases (NEB) and introduced into the pDONR207 by BP clonase followed by recombination to enter the GW compatible destination vectors pGBKT7 or pGADT7. The NPR1DAKR fragment was generated using the overlap PCR method by two rounds of PCR amplifications. The N-terminal and C-terminal of NPR1 for making DAKR deletion constructs were amplified using appropriate primers that add additional sequences homologous to the flanking regions, respectively. These two PCR products were purified and used as template in the second PCR using common primers. Full-length NPR1DAKR products were cloned into aforementioned GW vectors. To generate various site mutations of AvrPtoB (AvrPtoB E3-LOF ) and , amino acid substitutions within relative pDONR207 backbone were PCR amplified using PfuTurbo DNA Polymerase (Agilent) based on site-directed mutagenesis protocol (Stratagene). The desired nucleotide changes were designed in the middle region of the each complementary primer sequence. The PCR products were digested by DpnI (NEB) to remove template plasmid and the rest was transformed into Top10 E. coli by electroporation using Eppendorf Eporator Ò . Subsequently, these entry constructs were recombined with GW vectors as described above.
To make constructs for plant transformation or infection, the Flag-GW fragment was amplified from pEarlyGate202 and inserted into XhoI/SpeI sites in pTA7002, yielding the homemade GW compatible vector designated as pTA7002_Flag-GW. The pDONR207-AvrPtoB and pDONR207-AvrPtoB E3-LOF were then introduced into destination vector pTA7002_HA-GW to obtain the Dex:Flag-AvrPtoB and Dex:Flag-AvrPtoB E3-LOF vector, respectively. For the cloning of 35S:HA-AvrPtoB (pEG201-AvrPtoB), pDONR207-AvrPtoB was transferred to the desired destination vector pEarlyGate201 overexpression vector by LR reaction. 35S:NPR1-GFP construct was designed using pCB302 binary vector as described previously (Mou et al., 2003) . The pENTR/ D-TOPO-GUS (Invitrogen) vector was linearized and subsequently cloned into pEG202 by recombination reaction to yield 35S:Flag-GUS (pEG202-GUS). To generate C-terminal HA fusion vector for P. fluorescens infection assays, the full-length AvrPtoB and AvrPtoB E3-LOF ORF were amplified and sub-cloned into pENTR/D-TOPO vector. These entry vectors were then inserted into the GW vector pLN615 (Guo et al., 2009 ) by recombination to create Pfo-AvrPtoB and Pfo-AvrPtoB E3-LOF , respectively.
For making constructs for recombinant protein expression, the coding sequence of NPR1 was amplified by PCR using gene-specific primers flanked by BamHI/SalI restriction enzyme sites and sub-cloned into pCR TM -Blunt II-TOPO vector (Invitrogen). After sequence confirmation, the NPR1 sequence flanked by BamHI/SalI restriction enzyme sites was ligated into pET-32a vector (Novagen) to yield the recombinant Trx-His 6 -NPR1construct. To create GST-AvrPtoB and GST-AvrPtoB E3-LOF vectors, the entry vectors mentioned above were cloned into pDEST15 by LR reaction.
Yeast Two-Hybrid Screens
The full length region of NPR1 was fused to N-terminal GAL4 DNA activation domain in the pGADT7 vector and was used to screen against homemade Pseudomonas syringae effector inventory containing type III effector proteins fused with N-terminal GAL4 DNA binding domain in pGBKT7. Then the Saccharomyces cerevisiae yeast strain Y187 transformed with pGBKT7-Effector plasmids was mated with the yeast strain AH109 transformed with pGADT7-NPR1 plasmids to suppress background activation. The pGADT7-GUS vector was used as negative controls. The healthy diploids on the double dropout (DDO) medium were subsequently selected and placed on quadruple dropout (QDO) medium at 30 C, according to the high-stringency selection protocol. The plasmids from positive clones were isolated and subsequently analyzed by DNA sequencing to ensure no mutations occurred. For spotting on the plates, 10 ml aliquots of yeast cell suspensions (OD 600 =1.0, 0.1 and 0.01; from left to right) were applied. Yeast transformation, mating, interaction test and plasmid isolation were performed using the Yeast Protocols Handbook and Matchmaker GAL4 TM Two-hybrid System 3 & Libraries User Manual (Clontech).
Yeast Protein Extraction
Yeast cells grown on selective media plates were suspended into liquid medium and incubated overnight at 30 C. 2 ml of cell culture was centrifuged and the pellet was re-suspended with 200 ml of 2 M LiAc on ice for 5 min. After centrifugation at 3000 rpm for 5 min, the pellet was re-suspended with 200 ml 0.4 N NaOH on ice for 5 min. The pellet was mixed thoroughly with 100 ml 2X Laemmli Sample Buffer (Bio-Rad) and boiled for 5 min. Then the supernatant containing yeast whole protein after removing debris by spin down was loaded onto a precast SDS-PAGE gel.
Recombinant Protein Purification
Recombinant GST-AvrPtoB, GST-AvrPtoB E3-LOF and Trx-His 6 -NPR1 proteins were heterologously expressed in E. coli OverExpress TM C41 (DE3) strain (Lucigen). Bacterial cells were grown in Luria Broth medium at 30 C until OD 600 reaches 0.4$0.6. The expression of the recombinant proteins was induced with 0.1 mM IPTG at 16 C overnight. The cell pellets were resuspended in BugBuster protein extraction reagent (Novagen) with 1 ml/ml Benzonase Nuclease, 1 ml/ml DNase, 1 mM PMSF, 1X cOmplete TM EDTA-free protease inhibitor cocktail (Roche), 10 mM DTT and 10 mM MG115 (Sigma-Aldrich). After two cycles of freezing and thawing followed by centrifugation, the supernatant was desalted with PBS buffer using PD-10 columns (GE Healthcare). The eluted protein mixture was incubated with glutathione resin (G-Biosciences) or MagneHis TM Ni-Particles (Promega) according to the technical manual. After repeated washes, the GST and His fusion proteins were eluted using 50 mM glutathione and 0.5 M imidazole, respectively. Purified proteins were alternatively dialyzed against 25 mM HEPES buffer pH 8.0 with 100 mM NaCl and 10 mM DTT using Slide-A-Lyzer TM Dialysis Cassettes (ThermoFisher), and supplemented with 10% glycerol to store at -70 C until use.
GST Pull-Down Assay
The GST fusion protein isolation was carried out using the MagneGST TM Protein Purification System (Promega). After cell lysis, 1 ml of GST and GST-AvrPtoB cell extracts were incubated with 10 ml MagneGST TM particles (Promega) for 1 h at 4 C. After the immobilized beads were washed five times, equal amount of the Trx-His 6 -NPR1-containing cell lysates were added to each sample followed by a second incubation in the binding buffer (20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 1 mM DTT, 1 mM PMSF, 1X cOmplete TM protease inhibitor cocktail from Roche, 10 mM MG115, 10% glycerol, 0.3% IGEPAL, 1% BSA) at 4 C for 4 h. The GST particles were recovered and washed five times with washing buffer (20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10% glycerol, 0.3% IGEPAL Ò CA-630). In the parallel pull-down assay by addition of SA, 200 mM SA was applied in binding buffer and washing buffer. After washing, the subsequent elution was analyzed for the presence of Trx-His 6 -NPR1. The bound proteins were eluted by addition of 2X Laemmli Sample Buffer (Bio-Rad) and 50 mM DTT followed by a heat treatment at 75 C for 10 min. Immunoblot was used for detection of Trx-His 6 -NPR1 and GST fusion proteins with a-His (GenScript) and a-GST (GE Healthcare) antibodies.
Plant Protein Extraction and Immunoblotting
Plant tissues were sampled and ground in liquid nitrogen using 2010 Geno/Grinder Ò (SPEX). Total protein was homogenized in Protein Extraction Buffer [PEB; 50 mM Tris-HCl, pH 7.5, 1 mM EDTA, pH 8.0, 150 mM NaCl, 0.1% Triton TM X-100 (Sigma-Aldrich), 0.1% sodium deoxycholate (ThermoFisher), 0.5% IGEPAL Ò CA-630 (Sigma-Aldrich), 5% glycerol, 1 mM PMSF, 3 mM DTT, 1X protease inhibitor cocktail (Sigma-Aldrich), 1X PhosSTOP phosphatase inhibitor cocktail (Roche), 50 mM MG115 (Sigma-Aldrich)]. After centrifuged twice, the supernatants were collected, while protein concentration was determined using Bradford reagent (Bio-Rad). The sample was denatured with 5X sample buffer (250 mM Tris-HCl, pH 6.8, 6% SDS, 0.5 M DTT, 0.08% bromophenol blue, 30% glycerol) at 70 C for 10 min, run on a precast Express TM PAGE gel (GenScript) using NuPAGE Ò electrophoresis system, and subsequently transferred onto nitrocellulose membranes (GE Healthcare). For nonreduced conditions, protein was extracted in PEB without DTT and denatured with 5X sample buffer lacking DTT. Immunoblot assays were performed using primary antibodies [a-GFP (Clontech), a-HA-peroxidase (3F10, Roche), a-Flag Ò M2-peroxidase (Sigma-Aldrich), a-NPR1 (Agrisera), a-PR1 (Agrisera)] and secondary antibodies [a goat a-rabbit IgG-HRP (Agerisera), a goat a-mouse IgG-HRP (Santa Cruz Biotech) and a donkey a-goat IgG-HRP (Santa Cruz Biotech)] followed chemiluminescence detection using SuperSignal West Pico or Dura substrate (ThermoFisher). Immunoreactive proteins were visualized on a film by the SRX-101A Medical Film Processor (Konica). The membrane was stained with Ponceau S solution (0.1% Ponceau S and 5% acetic acid) to ensure equal protein loading.
Co-Immunoprecipitation (Co-IP) Assay
For Co-IP experiments using N. benthamiana, one gram of leaves was ground into fine powder in liquid nitrogen using a chilled mortar and pestle. Proteins were extracted with cold PEB in tubes and incubate on ice for 10 min with occasionally vortex. After centrifugation, the supernatants were filter through a 0.2 mM filter and pre-cleared with blocked magnetic agarose beads for 5 min. The whole cell extracts were incubated with 25 ml GFP-Trap Ò _MA beads (Chromotek) with gentle rocking for 4 h at 4 C. The conjugated beads were collected by a magnetic separation stand (Promega) and washed 3 times using 500 ml PEB without MG115 and protease inhibitor cocktail. Precipitated samples were eluted with the addition of 2X Laemmli Sample Buffer (Bio-Rad) and 50 mM DTT by boiling for 5 mins. The bound HA-AvrPtoB protein was detected by a-HA immunoblots. 2% of the crude extracts were used as input control.
For Co-IP assays in Arabidopsis, 2 g of leaves were sampled following the procedure described as above. The supernatants were pre-washed with protein A/G beads for 30 min. The protein samples were incubated with 25 ml a-FLAG Ò M2 magnetic beads (SigmaAldrich) by gentle rotation for 4 h at 4 C. Then the beads were separated and washed 6 times extensively using washing buffer (50 mM Tris-HCl, pH 7.5, 1 mM EDTA, 150 mM NaCl, and 0.5% IGEPAL Ò CA-630). Samples were boiled with loading buffer for 5 mins before fractioned by SDS-PAGE.
Ubiquitination Assay
For the in vivo ubiquitination experiment, leaves of soil-grown plant were ground in reduced PEB containing 10 mM DTT, 10 mM iodoacetamide and 100 mM MG115. The crude extracts were incubated and immuno-precipitated using GFP-Trap Ò _MA beads as described above. The bound proteins were eluted and analyzed using a-UBQ11 (Agrisera), a-GFP (Clontech) and a-Flag antibodies (Sigma-Aldrich).
Agrobacterium-Mediated Transient Assay
The 3$4-week-old N. benthamiana leaves were used in all experiments in this study. Different Agrobacterium tumefaciens GV3101 strains carrying indicated binary vectors were cultured in YEB medium with appropriate antibiotics. The Agrobacterium strains (a dilution of 1:100) were then added into new medium containing 100 mM acetosyringone and cultured at 30 C overnight. Bacteria were pelleted and resuspended in an induction buffer (10 mM MgCl 2 , 10 mM MES, pH 5.7, and 100 mM acetosyringone). Cells were kept in induction buffer for 3 h and then infiltrated into the fully expanded leaves using a needleless syringe. The bacteria carrying expression vectors (HA-AvrPtoB, Flag-AvrPtoB, Flag-AvrPtoB E3-LOF , Dex:Flag-AvrPtoB, NPR1-GFP, Flag-GUS, etc.) were infiltrated at an OD 600 of 0.3 and at OD 600 of 0.1 for the p19 construct. After co-infiltration, plants were immediately covered with a plastic dome for 24 h before the humidity dome was removed. The infiltrated leaves were harvested 2 days after infiltration and subjected to downstream experiments.
For inducible expression of Dex:Flag-AvrPtoB, plant leaves were spray with 10 mM Dex (Sigma-Aldrich) in 0.01% Silwet L-77 2 days after agroinfiltration and sampled at indicated time points. For NPR1-GFP recovery assays, MG115 or Bafilomycin A1 (BioViotica) was co-infiltrated with the Agrobacterium strains. each data point was calculated by 2
DCt
. All PCR experiments were repeated at least twice, and representative results are shown. The gene-specific primer sets are provided in Table S1 .
QUANTIFICATION AND STATISTICAL ANALYSIS
In all quantification experiments, the relative intensities of immunoblotting band, numbers of callose deposits and nuclear GFP signal were processed and quantified with Image J software (National Institutes of Health). For statistical analysis, the GraphPad Prism 6.0 software (GraphPad Software, Inc.) and Microsoft Office Excel 2010 were used in this work. Data are shown as mean ± SD (or +SD) indicated in all figure legends. Numbers of sample and experimental repeats are indicated in figure legends. In Figures 4A and 6B , sample number (n) means the number of individual leaves. Otherwise, n indicates the number of biological replicates for each data point. Statistics were performed using analysis of variance (ANOVA) tests with Tukey's or Sidak's comparisons with 95% confidence (p < 0.05) or multiple t tests with different significance levels (** p < 0.01; *** p < 0.001). Details are shown in figure legends.
